The purpose of this study is to exploit the euryhaline nature of commercially attractive species for their cultivation in freshwater aquaponic systems. This approach may increase the profitability of aquaponic production in coastal countries where the consumption of marine fish is traditional and of commercial relevance. For this purpose, juvenile European sea bass (Dicentrarchus labrax) were reared in an aquaponic freshwater (AFW) system and an aquaponic saltwater (ASW) system (salinity 20 ppt), in combination with chard (Beta vulgaris var. cicla) seedlings, a salt tolerant plant. At the end of the trial, nitrate and phosphate concentration in water significantly increased in the ASW system, suggesting that the ability of B. vulgaris to absorb these substances was limited by salinity. Total reflection X-ray fluorescence spectrometry revealed that the concentration of some oligoelements such as Fe remained lower with respect to the concentration in the freshwater hydroponic solution, in both AFW and ASW. FTIR-Fourier transform infrared spectroscopy on plants showed that growth at high salinity affected their lipid content. In the case of fish, freshwater had no effects on mono-and poly-unsaturated fatty acid profiles, although saturated fatty acids were significantly decreased in D. labrax reared in AFW. Our results demonstrates that it is possible to increase aquaponic profitability by farming D. labrax juveniles in an aquaponic freshwater system together with Beta vulgaris, obtaining good quality products.
Introduction
Aquaponics combine the principal advantages of the Recirculating Aquaculture System (RAS) and hydroponics. Aquaponics recirculates the water, accumulating waste such as nitrogen and phosphate that derive from urine and feces produced by fish. The wastewater is pumped into a plant grow bed where plant roots absorb and remove nitrogen and phosphate, principal causes of eutrophication when released in the natural environment. This process purifies the water that becomes ready to be recirculated in the fish tank. Thanks to this process, aquaponics allows for water to be used efficiently [1] . Moreover, water savings connected to landless cultivation permits the use of non-cultivated soil and requalification of disused areas.
Most of the research on aquaponics focuses on freshwater systems [2, 3] . However, this mode of cultivation may also be of interest for growing species that live in the sea, for example in the Mediterranean area, where the consumption of marine fish is traditional and of commercial relevance. Moreover, only salt or brackish water is available in some zones, as in Negev desert where Kotzen and Appelbaum [4] conducted a study on the aquaponic rearing of tilapia in brackish water.
The main disadvantage of the farming of marine fish using aquaponics lies in the limited variety of plants capable to grow at high salinity. In fact, the vast majority of plants are negatively affected by high salinity and only halophile or salt tolerant species are amenable to be reared in salt or brackish water [5] . Moreover, salinity affects some water parameters. For instance, the presence of dissolved salts makes pH more basic (8.0-8.4) than in freshwater (6.0-7.0), influencing the availability of nutrients. Consequently, plants cultivated in marine aquaponics must tolerate extreme pH and salinity conditions in order to grow healthily. However it is possible to acclimate some marine fish species to tolerate lower salinity. For instance, European sea bass (Dicentrarchus labrax), one of the most important commercial species in the Mediterranean area, is a euryhaline fish that has the potential to be reared in freshwater aquaponic systems together with a number of commune plant species [6, 7] . This approach may increase the profitability of the aquaponic production in the coastal countries.
This research aims at broadening the knowledge on marine aquaponics by investigating either the quality of reared species or approaches to cope with the common disadvantages such as the reduced number of suitable plant species and costs. The study evaluation of Dicentrarchus labrax meats and Beta vulgaris var. cicla vegetable quality in freshwater and saltwater aquaponic systems was the major aim of the study. Furthermore, given that in some cases the concentration of some nutrients (particularly iron, potassium and calcium) is insufficient to ensure correct plant development in freshwater aquaponics [8] , analysis on water parameters was also conducted.
Materials and Methods

Experiment Setup
Aquaponic filled media systems were made by Aquaguide s.a.s. (Falconara Marittima, IT) and were composed of a 500 L fish tank and a 2 m 2 plant growth bed filled with expanded clay (LECA, Milan, Italy). Expanded clay operates either as mechanical filter by removing solid waste or as a biological filter by sustaining the population of nitrifying bacteria that oxidize ammonium-which is highly toxic for fish [9, 10] -to nitrate. According to "ebb and flow technology" [11] , the water flow was activated at 15 min/h by a pump at a rate of 600 L/h. A siphon regulated the water excess in the plant growth bed, draining it into the fish tank. European sea bass juveniles (Dicentrarchus labrax, L., 1758) weighing 20 ± 0.5 g were divided into two groups: one reared in an aquaponic freshwater (AFW) system (0 ppt); and the other reared in an aquaponic saltwater (ASW) system, (20 ppt). In each system, the plant growth bed hosted 100 chard (Beta vulgaris var. cicla) seedlings. Over the 65 days of the experiment, fish were fed commercial pellet (1.5% bw). In ASW, saltwater was prepared using synthetic "RedSea" salt. Addition of salt was not required in the AFW tank.
Before starting the experiment, juveniles in AFW were acclimated for one month by gradually decreasing the salinity by adding freshwater to saltwater. The following protocol was used:
• first week: acclimation from 25 to 15 ppt; salinity was decreased 5 ppt every 48 h • second week: acclimation from 15 to 10 ppt; salinity was decreased 2 or 3 ppt every 48 h • third and fourth week: acclimation from 10 to 0 ppt; salinity was decreased 1 or 2 points every 48 h.
Chard plants in AFW were acclimated to grow at 20 ppt with a similar protocol (in reverse). The temperature in the fish tank was set a~25 ± 0.5 • C, oxygen concentration was at 80% saturation. Plants were illuminated with a fluorescent lamps (58 W) suspended 50 cm above the plant bed, with a 12L/12D photoperiod. Freshwater was added to replace losses due to the evaporation. At the end of the trial, the color, fillet total lipids and fatty acid composition of all fish were assessed. Muscles were dissected and Fourier transform infrared spectroscopy (FTIR) and C, N, and S (CNS) analysis was performed. Chard were harvested and leaves, stems, taproot and lateral roots were sampled for FTIR and CNS analyses.
The handling procedure and sampling methods involving fish used in the trial followed the guidelines of the European Union directive 2010/63/EU on the protection of animal for scientific purposes.
Water Parameters
Water samples were collected in the fish tank three times per week for the entire duration of the experiment. All parameters were measured using a Hanna HI 83203 Multiparameter Photometer for aquaculture. The reagents used were: Cadmium Reduction Method (HI 93728) for nitrate; diazotization method (HI 93707) for nitrite LR; Nessler Method (HI 93715A) for ammonia MR; Amino Acid method for phosphate HR (HI 93717). The pH was recorded continuously during the experiment.
Total Reflection X-ray Fluorescence (TXRF) Spectrometry (Metals in Water)
At the end of the trial, water samples were collected and the concentrations of Na, Cl, Ca, Mg, K, Fe, Zn, S and Cu were measured using total reflection X-ray fluorescence (TXRF) spectrometry, following the protocol described by Fanesi et al. [12] . An internal standard (gallium) was added to the samples in order to obtain a final concentration of 5 g·mL −1 , for absolute quantification. An aliquot of 10 µL of sample was deposited on a quartz sample carrier (Bruker AXS Microanalysis GmbH, Berlin, Germany) and the X-ray fluorescence due to the various elements was measured with a Picofox S2 spectrometer (Bruker AXS Microanalysis GmbH, Berlin, Germany). The spectra were acquired and analyzed with the software SPECTRA 5.3 (Bruker AXS Microanalysis GmbH, Berlin, Germany).
Analyses on Fish
Color
A Spectro-color ® 116 colorimeter (Bell Technology Ltd., Auckland, New Zealand), equipped with the Spectral qc 3.6 software, was utilized for colorimetric measurement in the CIELab [13] system. In this system, lightness (L*) is expressed on a 0-100 scale from black to white; redness index (a*) ranges from red (+60) to green (−60) and yellowness index (b*) ranges from yellow (+60) to blue (−60). Color was measured in three different dorsal and ventral sites of the left side of the skin of each fish, and in three different sites of epaxial part of the left and right fillet of each fish. The values of the dorsal and ventral sites for skin and the values from right and left fillets of each specimen were considered for the mean in the inferential analysis.
Total Lipids
Total lipid extraction was performed following a modification of the method by Folch et al. [14] . Freeze-dried samples, reconstituted by the addition of distilled water, were homogenized with a 2:1 chloroform-methanol (v/v) solution and then filtered. The filter was washed several times, and distilled water with 0.88% KCl was added to the filtrate so that the [Choloroform:Methanol]:water ratio was 4:1. After stirring and standing overnight, a biphasic system was obtained. The lower phase, containing lipids dissolved in chloroform, was siphoned off and collected. The total lipid content was determined gravimetrically; after complete vacuum evaporation of the chloroform, lipids were resu spended in a known volume of chloroform (5 mL) and weighed in a crucible (gross weight minus tare).
2.4.3. Determination of Fatty Acid (FA) Composition FAME (Fatty Acid Methyl Ester) analysis was performed according to Morrison and Smith [15] . Lipids were saponified with 0.5 M KOH in methanol, and FAs were hydrolyzed by adding 2 N HCl. Methyl esters were prepared by transmethylation, using a 14% boron fluoride-methanol solution. Methylated FAs were dissolved in petroleum ether, dried, and finally resuspended in 1 mL of hexane. FA composition was determined by liquid gas chromatography (LGC). A GC Varian 430 gas chromatograph (Varian Inc., Palo Alto, CA, USA), equipped with a flame ionization detector (FID) and a Supelco Omegawax™ 320 capillary column (30 m × 0.32 mm internal diameter, 0.25 µm film and polyethylene glycol bonded phase; Supelco, Bellefonte, PA, USA) was utilized. The oven temperature was kept at 100 • C for 2 min, increased to 160 • C over 4 min at a rate of 12 • C/min, increased to 220 • C over 14 min at the rate of 3 • C/min, and kept at 220 • C for 25 min. Temperatures of injector and detector were set at 220 • C and 300 • C, respectively. One microliter of sample in hexane was injected into the column with the carrier gas (helium), at a constant flow of 1.5 mL/min. The split ratio was 1:20.
The chromatograms were recorded with computing integrator software (Galaxie Chromatography Data System 1.9.302.952; Varian Inc., Palo Alto, CA, USA). FAs were identified by comparing the retention time of the FAMEs in the samples with those of FAME in the standard Supelco 37 FAME mix (Supelco, Bellefonte, PA, USA). FAs were quantified through calibration curves, using tricosanoic acid (C23:0) (Supelco, Bellefonte, PA, USA) as internal standard.
Plants Biometric Data
At the sampling time, 20 chards from each experimental group were harvested to record the shoots length. A total of 20 pictures of the same samples were shot to evaluate the roots area with Image J ver. 1.49 (Bethesda, MD, USA).
FTIR-Fourier Transform Infrared Spectroscopy: Fish and Plants
Preliminary trials were performed to determine the correct tissue amount necessary to produce spectra with a good signal-to-noise ratio without band saturation. Plant tissues (leaf, taproot and lateral root) were sampled and stored at −20 • C until the analysis. Tissues were homogenized with milli-Q water using a polytron; 50 µL of sample were deposited on silicon windows, in triplicate. Samples were dried at +80 • C until completely dry. Spectra were collected with a Tensor 27 FTIR spectrometer (Bruker Optics, Ettlingen, Germany). The Bruker system was controlled by an IBM-compatible PC running the software OPUS version 6.5 (Bruker Optik GmbH, Ettlingen, Germany). Bands were attributed to cellular pools according to Giordano et al. [16] . Relative ratios of carbohydrates, lipids and proteins were calculated as described by Domenighini and Giordano [17] and Palmucci et al. [18] .
The same protocol was applied to evaluate relative ratios of carbohydrates, lipids and proteins in muscles of D. labrax.
Carbon to Nitrogen Ratio (CNS Analysis)
Leaf, stem, taproot and lateral root were dried at 80 • C and cellular abundances of C, N and S were determined using an elemental analyzer (EA1108; Carlo Erba Instruments, Milan, Italy), following the method described by Ratti et al. [19] . Data acquisition and analysis were performed with the software EASCLARITY (DataApex Ltd. 2006, Prague, Czech Republic). The same protocol was applied to evaluate carbon to nitrogen ratio in muscles of D. labrax.
Statistical Analysis
Data were analyzed performing Shapiro-Wilk normality test followed by t-test, with the statistical software package Prism5 (GraphPad Software, La Jolla, San Diego, CA, USA) Significance level was set at p < 0.05. The data of fish analyses were submitted to one-way ANOVA (aquaponic system, with two levels: ASW or AFW), with the PROC GLM of SAS ® Software (Cary, NC, USA).
Results
Water Quality
During the experiments, pH varied between 8.0 and 8.4. At the end of the experiment, the values of nitrate (NO 3 ) and phosphate (PO 4 ) were significantly higher (p < 0.05) in ASW than in AFW (Figure 1) . During the trial, the values of NH 4 and NO 2 ranged between 0.05 mg/L and 0.01 mg/L and between 0.03 mg/L and 0.01 mg/L, respectively. At the end of the experiment, the concentrations of Na, Cl, Mg, K, Zn, S and Cu resulted significantly higher in AFW than in ASW, while the concentrations of Ca and Fe were not statistically different (Figure 2 ) between the two groups. 
Plant Quality
At the end of the trial, the chard shoots grown in ASW were significantly shorter (p < 0.05) with respect to AFW (31.97 ± 2.5 cm and 40.49 ± 2.69 cm respectively). In addition, plants sampled in ASW showed greater development of lateral roots with respect to chard cultivated in AFW (Figure 3 ). This was confirmed by the comparison of the area occupied by roots (lateral + taproot) conducted with Image J program that revealed significant differences (p < 0.05) between groups (46. 16 
At the end of the trial, the chard shoots grown in ASW were significantly shorter (p < 0.05) with respect to AFW (31.97 ± 2.5 cm and 40.49 ± 2.69 cm respectively). In addition, plants sampled in ASW showed greater development of lateral roots with respect to chard cultivated in AFW (Figure 3 ). This was confirmed by the comparison of the area occupied by roots (lateral + taproot) conducted with Image J program that revealed significant differences (p < 0.05) between groups (46.16 ± 16.31 cm 2 and 126.9 ± 72.36 cm 2 , respectively). The analysis of leaf spectra revealed statistically significant differences between groups (p < 0.05); more specifically, a higher lipid to protein ratio and carbohydrate to protein ratio and a lower carbohydrate to lipid ratio were observed in chard cultivated in ASW than in those grown in AFW The analysis of leaf spectra revealed statistically significant differences between groups (p < 0.05); more specifically, a higher lipid to protein ratio and carbohydrate to protein ratio and a lower carbohydrate to lipid ratio were observed in chard cultivated in ASW than in those grown in AFW ( Figure 4A ). In taproot, saltwater significantly decreased the lipid to protein ratio and increased the carbohydrate to lipid ratio, while it did not affect the carbohydrate to protein ratio as shown in Figure 4B . No significant differences between groups were found in the organic composition of lateral roots ( Figure 4C ). ( Figure 4A ). In taproot, saltwater significantly decreased the lipid to protein ratio and increased the carbohydrate to lipid ratio, while it did not affect the carbohydrate to protein ratio as shown in Figure  4B . No significant differences between groups were found in the organic composition of lateral roots ( Figure 4C ). The ratio carbon to nitrogen in leaf, stem, taproot and lateral root of B. vulgaris grown in AFW and ASW are illustrated in Figure 5 ; no significant differences were recorded between the groups. The ratio carbon to nitrogen in leaf, stem, taproot and lateral root of B. vulgaris grown in AFW and ASW are illustrated in Figure 5 ; no significant differences were recorded between the groups. 
Fish Quality
At the end of the treatment, no significant differences were recorded in body characteristics (fillet, skin, fins, skeletal residual, weight and incidence on total body weight) ( Table 1) . Regarding skin color, the only significant difference (p < 0.05) between AFW and ASW was found in the yellowness (b*) measured in ventral site (Table 2) , whilst more differences were found for color of left and right fillet, as is shown in Table 3 . 
At the end of the treatment, no significant differences were recorded in body characteristics (fillet, skin, fins, skeletal residual, weight and incidence on total body weight) ( Table 1) . Regarding skin color, the only significant difference (p < 0.05) between AFW and ASW was found in the yellowness (b*) measured in ventral site (Table 2) , whilst more differences were found for color of left and right fillet, as is shown in Table 3 . FTIR analysis on muscle revealed a significant decrease in the carbohydrate to protein ratio in muscle of D. labrax reared in ASW whilst no differences were recorded in lipid to protein ratio and in carbohydrate to lipid ratio ( Figure 6 ). Similarly, no differences between groups were found in carbon to nitrogen ratio measured on muscle, as shown in Figure 7 . FTIR analysis on muscle revealed a significant decrease in the carbohydrate to protein ratio in muscle of D. labrax reared in ASW whilst no differences were recorded in lipid to protein ratio and in carbohydrate to lipid ratio ( Figure 6 ). Similarly, no differences between groups were found in carbon to nitrogen ratio measured on muscle, as shown in Figure 7 . Total lipids, monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) were not statistically different, while saturated fatty acids (SFAs) reported a significant decrease (p < Figure 6 . Lipid to protein, carbohydrate to protein and carbohydrate to lipid ratio in European sea bass muscle, reared in AFW and ASW. Statistical significance is labelled with asterisk (p < 0.05), bars indicate SD. FTIR analysis on muscle revealed a significant decrease in the carbohydrate to protein ratio in muscle of D. labrax reared in ASW whilst no differences were recorded in lipid to protein ratio and in carbohydrate to lipid ratio ( Figure 6 ). Similarly, no differences between groups were found in carbon to nitrogen ratio measured on muscle, as shown in Figure 7 . Total lipids, monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) were not statistically different, while saturated fatty acids (SFAs) reported a significant decrease (p < Total lipids, monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) were not statistically different, while saturated fatty acids (SFAs) reported a significant decrease (p < 0.05) in D. labrax reared in AFW with respect to fish farmed in ASW (Table 4) . Also, arachidonic acid (AA, 20:4n-6) and docosapentaenoic acid (DPA, 22:5n-3) showed a significant difference between groups. Table 5 reports the fatty acid profile, in percentages, of the European sea bass exposed to freshwater (AFW) and saltwater (ASW). 
Discussion
Water
The addition of synthetic salt to the ASW system in order to obtain a 20 ppt of salinity substantially increased the ion concentration in the growth medium as compared to AFW. However, although Red Sea salt supplied Fe at a dose of 0.001 g/L (0.5 g in 500 L tank) in ASW, no significant differences were found between groups for this element and its concentration was below the threshold value indicated in hydroponics [20] . These results indicate that the shortage of Fe, which may limit plant growth, also occurs in marine aquaponics aside from freshwater, although the Fe requirement is highly species-specific. NO 3 and PO 4 in the water were more concentrated in ASW than in AFW, suggesting that a salinity value of 20 ppt may affect the ability of B. vulgaris to assimilate these substances. This result is in accordance with the study by Grattan and Grieve [21] showing that the major ions that usually compose the saline water (as sodium and chlorine) inhibit the phosphate and nitrate uptake.
Plants
Plant biometric data evidenced salinity induced morphological modification in the plant cultured in ASW, stimulating a significant development of B. vulgaris lateral roots ( Figure 3D ,E). This may be due to the fact that the increased external salinity (i.e., more negative water potential) diminishes the flow of water into the plant; plants may respond to this by stimulating root growth [22] [23] [24] . However, FTIR and CN analyses did not reveal significant differences in the allocation of macromolecules in lateral roots. Also, 20 ppt salinity attenuated shoot development, probably by inhibiting the uptake of nutrient such nitrate and phosphate that tend to accumulate into the water (see Section 4.1).
Several studies demonstrated that salinity affects lipid quality and quantity in glycophyte as well as in halophile plants [25] [26] [27] ; this phenomenon was attributed to the fact that lipids are involved in responses to osmotic stress via their role in maintaining membrane, integrity and fluidity [28] .
In this study, B. vulgaris grown at 20 ppt of salinity showed a decreased relative lipid content in taproots, and an increased relative lipid content in leaves. Similar results were obtained by Chalbi et al. [23] , who studied three different plant species with different levels of tolerance to salinity; these authors discovered that concentration of 200 mM NaCl affected the lipid content both in leaves and roots, as well as in halophilic species. This value is markedly lower than the concentration of Na and Cl measured at the end of the trial in ASW (1854 ± 341.4 mg/L and 1782 ± 299.1 mg/L, respectively), indicating that the osmotic stress affects lipid content. The lipid to protein ratio and carbohydrate to lipid ratio recorded in leaves and in taproot of chards showed the inverse trend between groups; these results suggest that 20 ppt of salinity not only affected the lipid content, but also the other main organic pools in chard. However, the above mentioned data were not correlated with the carbon to nitrogen ratio measured in leaves and taproots.
Fish
European sea bass, one of the most relevant commercially attractive species in the Mediterranean area, is usually farmed in sea cages or raceways at~35 ppt. Changes in rearing parameters may result in changes of standard parameters that are indicator of fish quality. In this study, fish acclimated to freshwater maintained body characteristics equal to those of fish reared in saltwater, in accordance with results obtained by Eroldoǧan and Kumlu [29] who studied the same species. However, freshwater seemed to influence the fillet yellowness, resulting significantly lower in fish reared in AFW compared to ASW.
Other than pigmentation, flesh quality is recognized by the analysis of macromolecule composition, and in particular, the fatty acid profile. Literature data on the effects of salinity on fatty acid composition are dissimilar; Xu et al. [30] found a upsurge in muscle PUFA and MUFA of Japanese sea bass (Lateolabrax japonicus) acclimated to saltwater compared to those grown in freshwater. In contrast, according to Eroldoǧan et al. [31] , freshwater induced an increase in total lipids respect to saltwater D. labrax. However, in the present research, D. labrax farmed in AFW showed similar total lipids, MUFA and PUFA profiles as well as fish reared in ASW; these results match with the findings of Haliloǧlu et al. [32] , who tested the same parameters on rainbow trout (Oncorhynchus mykiss) living in seawater and freshwater. In particular, within PUFAs no differences in n-3 were recorded. These are mostly contained in seafood and play a crucial importance to human health. In fact n-3 PUFAs are considered to have beneficial effects on inflammatory and cardiovascular diseases, neural development and even a protective effect against some kinds of cancers [33] . More specifically, eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) are the most important n-3 PUFAs responsible for fish meat quality and human healthiness [33] .
Despite no differences being found in total n-6 PUFAs, European sea bass reared in ASW showed a significant increase in the percentage of arachidonic acid (AA, 20:4n-6). Van Anholt et al. [34] found an increase in the AA content in tilapia (Oreochromis mossambicus) acclimated to seawater, suggesting a possible role of AA in the osmoregulation. However, the rise of AA was more evident in tissues involved in osmoregulation as gills and kidney respect to muscle.
Lastly, results obtained in the present study suggest that freshwater affected the incidence of SFAs, which resulted significantly lower in fillet of European sea bass raised in AFW compared to ASW. As suggested by Hunt et al. [35] who studied the same species, it is possible that fish farmed in freshwater prefer to use SFAs as principal source of energy.
Results obtained by C/N excluded the influence of freshwater in the pool of carbon and nitrogen. However, FTIR revealed a higher carbohydrate to protein ratio in AFW respect to ASW, suggesting a modification in macromolecule allocation.
Conclusions
Development of aquaponics is important in countries with markets strictly dependent on marine species and/or limited sources of freshwater. This study broadened the knowledge on marine aquaponics by testing a marine aquaponics system that provides good quality fish meat while reducing growth performance of chards and modifying macromolecule allocation. However, rearing marine species in aquaponics requires a saltwater source or, alternatively, synthetic salt, which is expensive. A further requirement is the need for halophile plants which diminishes the number of species suitable for rearing. This research exploits commercially interesting euryhaline fish in freshwater environment in order to overcome the above-mentioned disadvantages, obtaining fish meat quality comparable to fish reared in saltwater system and chards with good growth performance. In addition, exploiting euryhaline species allows for an increase in profitability by cultivating commercially interesting common plants.
